The passage of genetic information during meiosis requires exceptionally high fidelity to prevent birth defects and infertility. Accurate chromosome segregation during the first meiotic division relies on the formation of crossovers between homologous chromosomes and a series of precisely controlled steps to exchange genetic information. Many studies have hinted at a role for p53 in meiosis, but how it functions in this process is poorly understood. Here, we have identified a cooperative role for the p53-like protein CEP-1 and the meiotic protein HIM-5 in maintaining genome stability in the C. elegans germline. Loss of cep-1 and him-5 results in synthetic lethality that is dependent on the upstream DNA damage checkpoint but independent of the downstream core apoptotic pathway. We show that this synthetic lethality is the result of defective crossover formation due to reduced SPO-11-dependent double-strand breaks. Using cep-1 separation-of-function alleles, we show that cep-1 and him-5 also suppress inappropriate activation of the nonhomologous end joining (NHEJ) pathway. This work reveals an ancestral function for the p53 family in ensuring the fidelity of meiosis and establishes CEP-1 as a critical determinant of repair pathway choice.
INTRODUCTION
Faithful segregation of chromosomes during the first meiotic division relies on recombination between homologous chromosomes, resulting in the generation of crossovers (COs). Crucial to this process is the induction and repair of programmed DNA double-strand breaks (DSBs), as well as the proper pairing and synapsis between the homologs. Therefore, in addition to generating genetic diversity, meiotic recombination is important for the maintenance of genome stability during gametogenesis.
Tumor suppressor p53 promotes genome stability through its well-established roles in the DNA damage response, such as transcriptional control of cell-cycle progression, apoptosis, and DNA repair [1] . In addition to protecting the genome from exogenous damage, multiple studies have demonstrated roles for the three mammalian p53 family members (p53, p63, and p73) in regulating reproductive fitness [2] . For example, successful implantation of fertilized eggs in mice is regulated by p53 through the transactivation of leukemia inhibitory factor (Lif) [3] . On the other hand, p63 protects the female germline by eliminating damaged oocytes [4] , whereas p73 is essential for sperm cell adhesion and maturation of testes [5] . Furthermore, p73 prevents abnormal chromosome segregation by regulating the spindle assembly checkpoint, which senses improper mitotic spindle attachments [6] . Earlier studies on p53 have also suggested an important role in meiosis due to its interactions with meiotic recombination proteins and intermediates [7] [8] [9] [10] [11] . Recently, it was reported that Spo11 activity stimulates p53 activation in the reproductive tissues of Drosophila and mice [12] . Consistent with this, ablation of the sole Caenorhabditis elegans p53 family member CEP-1 causes a high incidence of males (Him) phenotype [13] , a consequence of X chromosome nondisjunction. Taken together, these results point to an active role for the p53 family in meiosis, but how this function is accomplished remains undefined.
In this study, we took advantage of the powerful genetics and cell biology tools of C. elegans to understand how CEP-1 promotes meiotic fidelity. We utilized two deletion alleles of cep-1, gk138, and lg12501, both of which cause resistance to DNAdamage-induced germ cell apoptosis but have distinct chromosome nondisjunction phenotypes. The lg12501 allele is 2% Him compared with cep-1(gk138) mutants, which do not exhibit a Him phenotype. We combined these alleles with mutations in the high incidence of males-5 gene (him-5), which encodes a novel protein required for DSB induction. We show that CEP-1 cooperates with HIM-5 to ensure CO generation by promoting the formation of programmed DSBs. The gk138 allele reveals additional roles for CEP-1 and HIM-5 in committing DNA repair to homologous recombination (HR) by actively inhibiting the error-prone nonhomologous end joining (NHEJ) pathway. This work suggests an ancient role for the p53 family of proteins in ensuring genome stability in the germline, which was later coopted in the soma of more-complex multicellular organisms to suppress tumor formation.
RESULTS

cep-1 and him-5 Cooperate to Maintain Chromosome Stability during Meiosis
We previously observed a mild Him phenotype when cep-1 was ablated by RNAi [13] that is phenocopied by cep-1(lg12501), but not the cep-1(gk138) allele (Table S1 ). Because both of these alleles are completely resistant to DNA-damage-induced germline apoptosis [14, 15] , this reveals a separation of function for CEP-1 in preventing X chromosome nondisjunction. The lg12501 allele contains a frameshift deletion that removes part of the DNA-binding domain (DBD) and a portion of the C terminus that includes the oligomerization domain (OD), whereas the gk138 allele is an in-frame deletion that removes part of the DBD but retains the OD and sterile alpha motif (SAM) domains ( Figure 1A) . To determine at which step in the meiotic program CEP-1 functions, we surveyed its genetic interactions with mutants defective in various steps of meiotic development. Our ge- Figure S1 . (D) Quantification of DAPI-stained bodies in diakinesis oocytes of young adult animals (day 1) of the indicated genotypes. n, number of oocytes.
netic analyses uncovered a synthetic lethal interaction between cep-1 and the C. elegans meiotic gene him-5. cep-1 mutants have negligible levels of embryonic lethality whereas him-5 mutants produce 25% dead eggs and 35% male progeny due to nondisjunction of autosomal and sex (X) chromosomes, respectively [16, 17] . Remarkably, cep-1;him-5 double mutants produce 40%-70% dead eggs, but the frequency of males compared with him-5 single mutants remains unchanged ( Figure 1B ; Table S1 ). We wondered whether this was due to an expansion from X-biased to autosomal nondisjunction when both cep-1 and him-5 are ablated. To check this, we stained cep-1;him-5 worms with DAPI and quantified the number of DAPI-stained bodies in the most-mature diakinesis-arrested oocytes. Consistent with high levels of embryonic lethality, cep-1;him-5 mutants display an array of chromosomal abnormalities that include poorly condensed chromosomes and univalents (8-12 DAPI bodies) or a combination of both ( Figures 1C, 1D , and S1). Taken together, these results indicate that cep-1 and him-5 cooperate to maintain chromosome stability during meiosis.
Synthetic Lethality Is Independent of Apoptosis but Involves the Checkpoint
Similar to other members of the p53 family, CEP-1 has a wellcharacterized role in DNA-damage-induced apoptosis [13, 18] . Therefore, to determine whether the synthetic lethality observed in cep-1;him-5 mutants was due to a failure in culling defective germ cells, we tested genetic interactions between him-5 and the core apoptosis pathway, downstream of cep-1 (Figure 2A ). Unlike cep-1, mutations in the caspase homolog ced-3 result in 15% larval lethality [19] . Progeny from ced-3(n717);him-5(e1490) double mutants exhibited the expected combined levels of lethality for both single mutants ( Figure 2B ), in contrast to the synthetic lethality observed in cep-1;him-5 double mutants. Consistent with this, diakinesis nuclei of ced-3(n717); him-5(e1490) mutants have the expected number of condensed bivalent chromosomes as him-5 alone ( Figure S2A ). Furthermore, him-5 mutants do not have abnormal levels of physiological germline apoptosis ( Figure 2C ). Thus, cep-1 promotes chromosome stability by a mechanism that is independent of its role in apoptosis.
The C. elegans DNA damage response (DDR) initiates with recognition of lesions by the conserved 9-1-1 checkpoint complex, which transduces damage signals through the Ataxia-telangiectasia-mutated kinase ortholog ATM-1 to activate CEP-1 [20] (Figure 2A ). Through mechanisms that are poorly understood, activation of the DDR can lead to cell-cycle arrest allowing for DNA repair or, if the damage is severe, apoptotic cell death [21] . To determine whether the DDR checkpoint upstream of cep-1 cooperates with him-5 to promote genome stability, we created a hus-1(op244);him-5(e1490) double mutant strain and quantified survival of F1 progeny. The hus-1 gene is homologous to S. pombe Hus1, a component of the 9-1-1 complex [20] . Similar to cep-1, we observed a dramatic increase in lethality, from 25% in him-5(e1490) single mutants to 80% in hus-1(op244);him-5(e1490) double mutants ( Figure 2D ). In addition, these mutants had diakinesis chromosomes that resembled those in cep-1(lg12501);him-5(e1490) mutants ( Figures 2E and  S2B ). Likewise, a loss-of-function allele in atm-1 also caused synthetic lethality and abnormal diakinesis chromosomes when combined with a him-5 mutation (Figures 2F and S2C) . Collectively, these results indicate that the role of CEP-1 in meiosis is dependent on the upstream DDR checkpoint, but not the downstream apoptosis pathway.
cep-1 and him-5 Promote Crossover Formation Errors during mitosis or meiosis can result in aneuploid germ cells. To determine whether the chromosomal abnormalities in cep-1;him-5 mutants were acquired during meiosis, we asked whether they were dependent upon the induction of programmed DSBs by the SPO-11 nuclease. spo-11 single mutants contain 12 univalent chromosomes because programmed DSBs are not generated, which prevents formation of chiasmata required for interhomolog association [22] . The diakinesis nuclei of all cep-1(lg12501);spo-11(me44);him-5(e1490) triple mutants examined contained 11 or 12 condensed DAPI bodies ( Figures  3A and 3B ), indicating that spo-11 is epistatic to cep-1(lg12501);him-5(e1490). Because SPO-11 catalyzes the initial step of meiotic recombination, these results suggest that the chromosomal defects that arise in cep-1(lg12501);him-5(e1490) are due to errors acquired during meiotic recombina- tion. In contrast to lg12051, triple mutants with the cep-1(gk138) allele contained a substantial number of diakinesis nuclei with <11 condensed univalents (8%-16%), condensed but fragmented DAPI bodies (2%), and aberrant, poorly condensed DAPI bodies (12%-18%), in addition to 11 or 12 well-formed DAPI bodies ( Figures 3A, 3B , S3A, and S3B). This suggests that a fraction of the chromosomal abnormalities observed in the cep-1(gk138) background may arise independently of SPO-11-induced breaks.
During meiotic prophase I, chromosomes reorganize to establish associations between homologous pairs. Critical to the stabilization of homologous pairing is synapsis, the localization of meiosisspecific proteins along the lengths of homologs, which form a scaffold called the synaptonemal complex (SC) [23] . Because synapsis is required for generating COs, mutations in SC components exhibit 12 univalent chromosomes instead of six bivalents [24, 25] . Because diakinesis oocytes of cep-1;him-5 mutants also contain a substantial number of univalents, we asked whether these are due to defective homolog pairing, synapsis, and/or chromosome axis establishment. To test this, germlines were dissected and stained with antibodies against HIM-3, a meiosis-specific axis protein required for synapsis; SYP-1, an integral component of the SC [24, 26] ; or FISH probes for the X and V chromosomes. The establishment of pairing, synapsis, and the chromosome axis were indistinguishable from wild-type ( Figures 3C, S3C, S3E , and S3F). Nonetheless, the localization of these markers on diakinesis chromosomes was abnormal in cep-1;him-5 compared to wild-type controls ( Figures 3C, S3C , and S3G). As expected for HIM-3 staining, wild-type, cep-1, and him-5 single mutants contain discernible cruciform structures, one on each bivalent indicating successful chiasma formation. Strikingly, HIM-3 appears to be fused and aggregated in cep-1(gk138); him-5(e1490) mutants. On the other hand, cep-1(lg12501);him-5(e1490) had fewer HIM-3 cruciforms and more univalents with long single tracks of HIM-3, similar to those observed in spo-11 mutants [27] . Consistent with these results, both cep-1(gk138);him-5(e1490) and cep-1(lg12501);him-5(e1490) mutants displayed defects in reconfiguration of the SC at diplotene; close inspection of early diakinesis nuclei revealed DAPI bodies lacking SYP-1 staining ( Figure S3G) . Therefore, the chromosomal abnormalities in diakinesis oocytes of cep-1;him-5 mutants are likely due to defects in CO formation rather than synapsis failure.
The abnormal chromosome phenotypes and disorganized chiasmata structures observed in cep-1;him-5 mutants suggest a reduction, but not a complete absence, of COs. To test this, we quantified the number of ZHP-3 foci in late pachytene and diplotene nuclei of double mutants and compared it with wild-type and single mutants. ZHP-3 initially localizes along the lengths of the SC and eventually becomes restricted to foci that mark CO sites [28] . In wild-type worms, six ZHP-3 foci were observed in 80% late pachytene/diplotene nuclei, indicating the expected single CO event per bivalent. Similarly, the majority of late pachytene/diplotene nuclei examined in cep-1(lg12501) mutants contained six ZHP-3 foci. However, there was a significant reduction in ZHP-3 foci in him-5(e1490) mutants that was reduced further in cep-1(lg12501);him-5(e1490) double mutants. Consistent with defective chiasma formation, approximately 60% of nuclei in cep-1(lg12501);him-5(e1490) mutants contained fewer than five ZHP-3 foci ( Figure 3E ). Taken together, the altered localization of lateral and axis SC components, and reduced number of ZHP-3 foci, reveal cooperative roles for CEP-1 and HIM-5 in CO generation.
cep-1 and him-5 Regulate Meiotic DSB Formation Defects in CO formation can be the result of limited DSBs generated by SPO-11. After DSBs are created by SPO-11, the DNA ends are resected to generate 3 0 single-strand overhangs that are subsequently bound by the RecA-like protein RAD-51 [29] . Because HIM-5 has been shown to help promote meiotic DSB formation [30] , we wondered whether CEP-1 also cooperates with HIM-5 in this process. We reasoned that the condensed univalents observed in cep-1(lg12501);him-5(e1490) mutants are due to defective programmed DSB induction, which results in a decreased number of COs. To test this, we examined RAD-51 localization and observed a significant reduction in the number of RAD-51 foci in cep-1(lg12501);him-5(e1490) double mutants compared with wild-type and single mutants ( Figure 4A ; Table S2 ). Together with the defects in bivalent formation, this indicates that CEP-1 and HIM-5 cooperate in the generation of COs at an early step of meiotic DSB formation.
As shown previously, ionizing radiation (IR) can generate DSBs that bypass the requirement for SPO-11 and HIM-5 [22, 30] . Because CEP-1 helps HIM-5 promote meiotic DSB formation, we asked whether IR could restore DSB formation in cep-1;him-5 mutants. Young adult worms were exposed to a dose of IR (10 Gy) previously shown to restore chiasmata formation in spo-11 [31, 32] and him-5 single mutants [30] . Examination of diakinesis nuclei 24 hr after IR treatment dramatically increased the percentage of bivalents in cep-1;him-5 double mutants from 3% to 49% in the gk138 background and 8% to 31% in the lg12501 background ( Figures 4B-4E) , supporting roles for CEP-1 and HIM-5 in break induction. In agreement with this, we also observed a significant increase in survival of progeny from irradiated cep-1;him-5 mutants (Figures S4A-S4D) . However, IR failed to rescue the aberrant, poorly condensed chromosomes in cep-1(gk138);him-5(e1490) mutants, suggesting additional roles for CEP-1 and HIM-5 downstream of DSB induction in repair.
Mutations in genes involved in break formation (e.g., spo-11 and rad-50) resolve the diakinesis aggregation phenotype of rad-51 mutants [33, 34] . Because we uncovered a role for CEP-1 in DSB formation, we tested whether a mutation in cep-1 will also suppress the chromosomal aggregations in rad-51 mutants. Strikingly, unlike rad-51 single mutants that have poorly condensed, aggregated chromosomes, cep-1(lg12501); rad-51(lg8701) double mutants contain condensed DAPI bodies ( Figures 4F and 4G) . In contrast, cep-1(gk138);rad-51(lg8701) double mutants look similar to rad-51(lg8701) single mutants that have mainly aggregated chromosomes. These results provide strong evidence supporting a key role for CEP-1 in assisting in the formation of meiotic breaks. The suppression of chromosomal fusions in rad-51 mutants by the cep-1(lg12501) allele, but not the gk138 allele, suggests an additional defect of the latter in managing repair pathway decisions.
cep-1 and him-5 Prevent Inappropriate NHEJ Activity Because IR-induced breaks failed to suppress the aggregation in cep-1(gk138);him-5(e1490) double mutants, we hypothesized that these aberrant, poorly condensed chromosomes might arise from inappropriate associations between nonhomologous chromosomes. To test this, we performed fluorescence in situ hybridization (FISH) using probes labeling two different chromosomes (V and X), as described previously [35] . Normally, these probes label separate DAPI bodies (chromosomes), whereas a single DAPI body containing both probes would suggest a physical association between chromosomes V and X. As expected, we only observed distinct DAPI bodies labeling for each probe in the diakinesis nuclei of wild-type, cep-1, and him-5 single mutants. However, probes for chromosomes V and X were frequently observed in the same DAPI bodies of cep-1(gk138); him-5(e1490) double mutants, indicative of nonhomologous chromosome associations ( Figure 5A ; Table S3 ; Movie S1). In agreement with our cytological analyses using DAPI, probes for chromosome V were often located in separate DAPI bodies in the same nucleus, indicative of univalent and/or fragmented chromosomes. Therefore, the combined loss of CEP-1 and HIM-5 causes massive genomic instability in the germline that manifests as condensed univalents, fragmented chromosomes, and inappropriate engagements between nonhomologous chromosomes. Importantly, chromosomal aggregations are only observed in the gk138 allele background, revealing an unexpected role for CEP-1 in preventing nonhomologous chromosome associations.
In C. elegans, mutations in HR components such as rad-51 (Rad51), brc-2 (Brca2), and com-1 (CtIP) severely compromise the ability of germ cells to form chiasmata. This results in aggregated chromosomes that arise from inappropriate activation of NHEJ, which can also cause chromosome translocations and deletions [36, 37] . Because cep-1(gk138);him-5(e1490) double mutants have aberrant chromosomes that resemble these mutants, we asked whether these were the consequences of deleterious NHEJ activity. To test this, we inhibited NHEJ by introducing a cku-80 (Ku80) mutation into cep-1;him-5 mutants and assessed diakinesis chromosome morphology. Ku80 forms a heterodimer with Ku70 and functions at an early step of NHEJ by binding DNA ends to prevent their resection, which is critical for generating HR intermediates [38, 39] . Introducing a cku-80 mutation resolved the chromosomal aggregations in cep-1(gk138); him-5(e1490) mutants but increased the frequency of condensed univalent and fragmented chromosomes (Figures 5A, 5B, and 5D; Table S3 ). Because chiasma formation is not restored by removing cku-80, there is only a modest, albeit significant, increase in the fraction of surviving progeny of cep-1(gk138);cku-80(ok861);him-5(e1490) triple mutants compared to cep-1(gk138);him-5(e1490) double mutants ( Figure S5A) . Similarly, introducing a mutation in the NHEJ ligase lig-4 [38] into cep-1(gk138);him-5(e1490) mutant also rescued chromosome aggregation to univalent morphology ( Figure S5B ). In contrast to the results with the cep-1(gk138) allele, introducing a cku-80 mutation into cep-1(lg12501);him-5(e1490) mutants failed to increase progeny survival or rescue chromosome defects ( Figures S5A,  5C , and 5E). This is expected because the cep-1(lg12501) allele causes predominantly univalent chromosomes in combination with the him-5 allele, rather than aggregated chromosomes observed with the cep-1(gk138) allele. Collectively, these results 1(gk138);spo-11(me44) ;him-5(e1490) triple mutants, we hypothesized that they arise from DSBs repaired by NHEJ ( Figure 3B ). Therefore, we created a cep-1(gk138);cku-80(ok861);spo-11(me44);him-5(e1490) quadruple mutant and observed a suppression of these defects ( Figures S6C and S6G) . This indicates that, in the absence of cep-1 and him-5, SPO-11-independent breaks are inappropriately repaired by NHEJ.
Because IR rescued the univalents (but not aggregated chromosomes) in cep-1;him-5 mutants, and introducing a cku-80 (or lig-4) mutation rescued aggregation but resulted in univalents, we next asked whether treating cep-1(gk138);cku-80(ok861); him-5(e1490) triple mutants with IR would rescue the univalents to bivalent morphology. Indeed, IR treatment partially restored bivalent chromosomes in these triple mutants ( Figures 5B and  5D ). This was also observed in cep-1(gk138);lig-4(tm750);him-5(e1490) triple mutants ( Figures S5B and S5C) , confirming a cooperative role for CEP-1 and HIM-5 in creating DSBs. We observed that a substantial number of diakinesis nuclei in both triple mutants contained fragmented chromosomes after irradiation ( Figures 5B-5E , S5B, and S5C), indicative of unrepaired DSBs. Therefore, introducing exogenous DSBs and inhibiting NHEJ is not sufficient to rescue all the chromosomal defects of cep-1;him-5 mutants. This strongly suggests that CEP-1 and HIM-5 are also required to promote meiotic DSB repair after assisting in the generation of programmed DSBs. In agreement with this, IR also failed to restore bivalents in cep-1(gk138); spo-11;him-5 triple mutants and cep-1(gk138);cku-80(ok861); spo-11(me44);him-5(e1490) quadruple mutants to the same levels observed in spo-11 single and cep-1;spo-11 or spo-11;him-5 double mutants ( Figures S6A-S6C and S6E-S6G) . Therefore, CEP-1 and HIM-5 function to ensure chromosome stability at multiple steps of the meiotic program.
In summary, taking advantage of cep-1 separation-of-function alleles, we show that cep-1 cooperates with him-5 to ensure CO formation by regulating fundamental and essential steps of meiotic recombination. Specifically, cep-1 and him-5 promote the induction of SPO-11-dependent DSBs and ensure their accurate repair. We show that these roles of CEP-1 require the upstream DDR checkpoint, but not the downstream apoptosis pathway. Furthermore, we uncover additional roles for cep-1 and him-5 in inhibiting erroneous NHEJ-dependent repair of DSBs that arise independent of SPO-11.
DISCUSSION
Numerous studies support the importance of tumor suppressor p53 in the regulation of stress responses, but very little is known about its normal physiological function. Multiple lines of evidence suggest that the tumor-suppressive function of the p53 family has been derived from primordial activities. In support of this, p53-like proteins have been identified in simple organisms such as amoeba and unicellular protists. Therefore, it is unlikely that the original function of this family of proteins is to suppress tumor formation. Furthermore, late-onset diseases, such as cancer, are likely not a source of selective pressure for the evolution of the p53 family because the human lifespan has been fairly short until recently [40] .
In this study, we describe cooperative roles for the p53-like protein CEP-1 and the meiotic protein HIM-5 in promoting programmed DSBs and suppression of error-prone NHEJ. We propose that CEP-1 and HIM-5 form a critical regulatory node that monitors distinct, but intimately linked, steps of meiotic recombination to maintain genome stability ( Figure 6 ).
CEP-1 Separation of Function
Our discovery of multiple roles for CEP-1 in meiosis was facilitated by the identification of cep-1 separation-of-function alleles. The striking difference between the chromosome morphology in cep-1(lg12501);him-5(e1490) versus cep-1(gk138); him-5(e1490) mutants indicates that specific activities of CEP-1 are perturbed whereas others are retained in an alleledependent manner. For example, both cep-1 alleles are completely resistant to DNA-damage-induced germ cell apoptosis because the proteins are incapable of transcriptionally activating the pro-apoptotic egl-1 gene [15, 20] . However, only the lg12501 allele exhibited a mild Him phenotype that was similar to cep-1 depletion by RNAi [13] . This hinted at additional roles for CEP-1 in meiotic chromosome segregation, which was greatly enhanced when combined with him-5 mutations. In combination with him-5 mutants, both cep-1 alleles exhibit defects in programmed DSB formation. However, only the gk138 allele, which does not have a Him phenotype alone, resulted in chromosome aggregations that arise as a result of defective repair pathway choice.
CEP-1 Links Break Formation with Repair
It is well appreciated that meiotic DSB formation is a complex and tightly coordinated process involving functional subgroups of proteins. Although the Spo11 nuclease initiates meiotic DSB formation, its recruitment and enzymatic activity requires accessory proteins as well as a number of other factors essential for the proper distribution of DSBs across the chromosomal landscape. For example, in S. cerevisiae, at least nine accessory proteins function as co-factors of Spo11 [41] . In C. elegans, the chromatin factors HIM-5 [30] , HIM-17 [42] , and XND-1 [35] , and the recently identified paralogs DSB-1 [32] and DSB-2 [31] , all contribute to meiotic DSB formation. In particular, HIM-5 is crucial for DSB formation on the X chromosome and, to a lesser degree, on the autosomes. On the other hand, CEP-1 has a minor role in preventing X chromosome nondisjunction as indicated by the mild Him phenotype observed in cep-1(lg12501) mutants, or by ablation of cep-1 using RNAi [13] . Strikingly, combined mutations in cep-1 and him-5 result in DSB formation defects on all chromosomes that can be partially rescued by IR, indicating cooperative roles for CEP-1 and HIM-5 in regulating SPO-11-dependent break formation across the chromosomal landscape.
In addition to Spo11 accessory proteins, certain histone modifications also influence meiotic DSB induction. In C. elegans, chromatin factors XND-1 and HIM-17 promote DSB formation, in part through the regulation of chromatin modifications [35, [42] [43] [44] . Likewise, work in S. cerevisiae and S. pombe demonstrated that histone modifications are important for meiotic DSB formation, further demonstrating that DSB induction is intimately linked to chromatin organization [44, 45] . Interestingly, in addition to its well-characterized transcriptiondependent roles, p53 also indirectly promotes chromatin remodeling during nucleotide excision repair by recruiting the histone acetyltransferase p300 [46] . We considered the possibility that CEP-1 may alter chromatin structure to influence DSB repair because both the gk138 and lg12501 alleles are predicted to produce truncated proteins that are transcriptionally dead. However, after surveying global histone acetylation in cep-1(lg12501);him-5(e1490) mutants, we did not observe any obvious defects. We also performed immunohistochemical analysis of several chromatin marks, including H2AK5Ac, H3K4me2, H3K56Ac, H3K9me3, and H2BK5Ac, but found no differences in these histone modifications (data not shown). Although it is possible that other chromatin modifications that impact break formation and repair pathway choice are altered in cep-1; him-5 mutants, we suspect this occurs by a different mechanism.
The presence of chromosome fragments and the incomplete restoration of bivalents in cep-1;him-5 mutants after introducing DSBs by IR hinted at roles for CEP-1 and HIM-5 in repair, downstream of break formation. Programmed induction of DSBs and meiosis-specific DNA repair are essential for the formation of chiasmata and accurate segregation of chromosomes. One of the challenges during prophase I is to ensure that these steps Schematic highlighting the regulatory node consisting of HIM-5 and CEP-1, which regulates SPO-11-dependent break formation and ensures fidelity of repair by suppressing the error-prone NHEJ pathway. The dashed lines represent novel roles described in this study.
are properly executed such that homologous chromosomes are linked by at least one CO prior to meiosis I division. Therefore, it is not surprising that proteins, such as CEP-1 and HIM-5, form functional nodes that couple critical steps of the recombination pathway that reinforce fidelity of DNA repair, leading to genome stability. Having proteins that coordinate DSB formation with repair during meiosis ensures that breaks are only induced if they can be accurately repaired through mechanisms that would lead to the generation of COs. In support of this, work in different organisms has demonstrated dual roles for Mre11 in meiotic DSB formation as well as DNA end processing [47] .
cep-1 and him-5 Inhibit NHEJ Repair How do CEP-1 and HIM-5 ensure genome stability? Notably, the cep-1(gk138) separation-of-function allele reveals a crucial role for CEP-1 in antagonizing NHEJ. Unlike the cep-1(lg12501) allele, when cep-1(gk138) is combined with him-5 alleles, chromosomal aggregations are observed. Interestingly, these aggregations are present even in the absence of programmed DSBs ( Figures 3A, 3B , and S6). We show that these aberrant, poorly condensed chromosomes are dependent on the NHEJ pathway, indicating crucial roles for CEP-1 and HIM-5 in suppressing erroneous NHEJ activity (Figures S6C and S6G ).
There are several ways CEP-1 and HIM-5 could function to prevent inappropriate NHEJ activity in the absence of programmed DSBs. Recent work showed that germ cells with mitotic errors progress into meiosis and are eventually culled in a CEP-1-dependent manner [48] . We considered the possibility that mitotic damage occurring in worms lacking cep-1 and him-5 is propagated into the meiotic stages. Because CEP-1 is required for culling damaged cells by apoptosis, it is likely that the damage persists and becomes inappropriately repaired by the NHEJ machinery. However, because we did not observe similar defects when him-5 was co-ablated with the caspase gene ced-3, it is unlikely that inhibition of cell death alone causes these defects. Alternatively, germ cells harboring mitotic errors may be repaired by the NHEJ machinery before they enter meiosis. Consistent with this, we did not observe a striking difference in the number of RAD-51 foci in the mitotic region of cep-1(gk138);him-5(e1490) double and cep-1(gk138);spo-11(me44);him-5(e1490) triple mutants in comparison to wild-type worms (data not shown). This is not surprising because commitment to NHEJ repair occurs prior to resection and RAD-51 loading.
Given that the gk138 and lg12501 alleles are predicted to generate truncated proteins that are not able to activate transcription of its target genes, CEP-1 may serve as a scaffold to recruit factors that inhibit NHEJ activity. Recent studies in different model systems showed that DNA end resection commits DSB repair to HR; therefore, CEP-1 may antagonize NHEJ by associating with components of the end resection machinery such as MRE-11 and COM-1 [37, 49, 50] . Alternatively, CEP-1 may influence other factors that affect the enrichment of Ku70/Ku80 to break sites. Identification of these CEP-1-interacting proteins should help resolve the biochemical mechanisms of this process.
Ancient Role for the p53 Family in Meiosis
A link between p53 and meiotic recombination has been proposed on the basis of observations made in different organisms. For example, high levels of p53 were observed in mice and rat testes, and its absence results in giant multinucleated testicular cells, presumably due to failed meiotic division [51] . p53 also binds Holliday junctions [11] , and recent work in Drosophila and mice showed that p53 is activated in response to Spo11-induced breaks [12] . Although, collectively, these observations suggest that p53 has a role in meiotic development, a functional role has yet to be ascribed. Our work advances these observations by providing a mechanistic framework in which the p53-like protein CEP-1 regulates specific steps of the meiotic program. Whether the meiotic functions we have uncovered for CEP-1 in C. elegans are retained by the p53 family of proteins in other organisms warrants further investigation. Moreover, the presence of p53 paralogs p63 and p73 may confer additional layers of complexity to this regulation in vertebrates [52] . Our findings raise the possibility that maintenance of genome stability during meiosis may have laid the foundations for shaping the p53 tumor suppressor network that ensures genome stability and prevents cancer in dividing somatic and stem cells.
EXPERIMENTAL PROCEDURES
C. elegans Genetics Strains used in this study are listed in the Supplemental Experimental Procedures. All strains were maintained at 20 C under standard conditions. Experiments were performed at 20 C.
Immunofluorescence and Imaging
Immunofluorescence was performed as described previously [30] , with minor modifications. Primary antibodies used were HIM-3 (a kind gift from M. Zetka), RAD-51 (Novus), ZHP-3 (a kind gift from V. Jantsch), and SYP-1 (a kind gift from A. Villeneuve). Images were acquired using the Olympus IX81 Quorum Spinning Disk confocal or the Nikon A1R confocal microscope. z stacks were analyzed using the Volocity Image analysis software (PerkinElmer).
Fluorescence In Situ Hybridization FISH was performed using probes to XR and 5S as described previously [35] . 
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